Abstract. Nerves and blood vessels have similar branching patterns and use common morphogenic molecules during development. Recent studies show that sonic hedgehog (Shh), a traditional neurogenic morphogen, is required for embryonic arterial differentiation and can induce angiogenesis. We investigated whether Shh regulates the expression of angiogenic factors. Using NIH3T3 embryonic fibroblast cells, we demonstrated that Shh increased the mRNA levels of angiopoietin-1 (Ang-1), a secreted ligand that regulates endothelial interaction with mural cells (pericytes and smooth muscle cells) and promotes blood vessel maturation. In contrast, Shh decreased mRNA levels of angiopoietin-2 (Ang-2), a negative modulator of Ang-1. By contrast, Shh did not change the expression of vascular endothelial growth factor (VEGF) mRNA, a potent endothelial mitogen. The effect of Shh appeared to be cell-type specific as the addition of Shh to neural progenitor cells or neurons did not alter Ang-1, Ang-2 or VEGF mRNA levels. The addition of cyclopamine, an inhibitor of Shh signaling, to NIH3T3 cells, suppressed the regulation of Ang-1 and Ang-2 mRNA levels in the presence of Shh. Collectively, our results suggest that Shh may contribute to blood vessel growth, maturation and stabilization in a neurovascular network by reciprocally regulating the vascular morphogens Ang-1 and Ang-2 in a cell-typespecific manner.
Introduction
Sonic hedgehog (Shh) is a secreted protein that acts as a morphogen in various tissues and organs (1) . Shh is important in the proliferation and maintenance of adult stem cells (2, 3) . The secreted Shh binds to its receptor Patched (Ptch), thereby inactivating Ptch-mediated repression of Smoothened (Smo), which leads to activation of the transcription factor Gli1 (1) . Shh regulates proliferation of embryonic neural progenitor cells (4) , and acts as an axonal chemoattractant for midline axon guidance (5) .
Studies have shown that Shh is involved in angiogenesis. Mice overexpressing Shh show hypervascularization of the neuroectoderm (6) whereas, Shh knockout mice have abnormal cardiovascular development (7) . Shh indirectly stimulates angiogenesis in ischemic skeletal and cardiac muscles of adult mice (8, 9) , and inhibition of the Shh pathway reduces retinal angiogenesis (10) . In addition, Shh-treated vessels have larger lumens and contain more smooth muscle cells in the vessel wall than vascular endothelial growth factor (VEGF)-induced vessels (9, 11) . However, the mechanism by which Shh promotes angiogenesis and vascular maturation is not fully understood.
Ang-1, Ang-2 and VEGF are essential signaling molecules involved in blood vessel formation and stabilization (12) (13) (14) . Currently, the evidence supports the hypothesis that vascular formation is maintained by a balance between Ang-1 and Ang-2 (12) . VEGF initiates proliferation and migration of endothelial cells and can promote the formation of new vessels (12, 15) . Ang-1, a strong blood-vessel-anti-permeability factor, binds to the endothelial Tie2 receptor tyrosine kinase. Ang-1 is required for the stabilization of endothelial contacts with surrounding mural cells to form mature vessels (13, 14) . Ang-1 upregulates tight junction proteins in endothelial cells, decreases brain microvessel permeability, and stimulates the formation of the blood-brain barrier (16) . Moreover, Ang-1 suppresses VEGF-induced vascular permeability in the skin and inhibits the development of diabetic retinopathy (17, 18) . Like Ang-1, Ang-2 also binds to the Tie2 receptor. However, Ang-2 has dual effects depending on VEGF levels. In the absence of VEGF, Ang-2 acts as an antagonist of Ang-1, inducing separation of the endothelial cells from mural cells and possibly inducing apoptosis, which leads to vessel regression. In the presence of VEGF, Ang-2 stimulates new vessel formation (15, 19) .
Here, we demonstrated that a single signaling molecule, Shh, inversely regulates Ang-1 and Ang-2. We found that exogenous Shh protein increases the expression of Ang-1, but decreases Ang-2. In particular, the pattern of Shhmediated Ang-1/Ang-2 gene expression was clearly reversed by the Shh signaling pathway inhibitor, cyclopamine. These results indicate that Shh may play a regulatory role in the 5 cells/well and cultured with defined media, neurobasal medium (Gibco Invitrogen) containing B27, glutamine (2 mM) and 1% penicillin/streptomycin. On days 1-3, glutamate (25 μg/ml) and ß-mercaptoethanol (10 μM) were added. On day 3, Ara-C (10 μM) was added for 24 h. Subsequent media changes consisted of the defined neurobasal media. Half-media change was performed every 3 days.
Cell line and reagents. NIH3T3, mouse embryonic fibroblast cells, were purchased (ATCC #CRL-1658, American Type Culture Collection) and cultured in DMEM containing 10% FBS (Gibco Invitrogen) and 1% penicillin/streptomycin. During murine recombinant Shh (mrShh) treatment, cells were washed and cultured in defined media consisting of DMEM ± mrShh. mrShh was purchased from Stem Cell Technologies and cyclopamine from Toronto Research Chemicals.
Real-time PCR and end-point PCR.
Total RNA from 24-well cell culture experiments was prepared using QIAshredder and RNeasy mini kit (Qiagen Inc.) according to the manufacturer's instructions. Identical amounts of RNA were converted into cDNA according to the SuperScript III FirstStrand Synthesis system for RT-PCR (Invitrogen), using random hexamer primers. Mouse Gli1, VEGF1·, Ang-1 and Ang-2 transcripts were analyzed with an ABI TaqMan system using TaqMan FAM labeled probes (Applied Biosystems). Real-time reactions were carried out in 96-well plates in triplicate with a 25-μl final volume. Real-time samples were run on an ABI PRISM-7000 sequence detection system (Applied Biosystems) and end-point PCR samples were run on a PTC-200 system (MJ Research) using the following conditions: 50˚C for 2 min, 95˚C for 10 min, and 40 cycles of 95˚C for 15 sec and 60˚C for 1 min. Data were analyzed using Q-gene (20) . Gene expression was normalized to the expression of endogenous control 18S rRNA (Applied Biosystems).
Data analysis. For time-series studies, gene expression following mrShh treatment was normalized to its untreated control and harvested at the same time for each time point. For dose-response studies, gene expression in cells treated with mrShh was normalized to untreated cells. The mean level of gene expression was analyzed by analysis of variance. If significance was present then individual comparisons were performed by Bonnferoni correction for multiple comparisons. Significance was considered at p<0.05.
Results

Regulation of Ang-1, Ang-2 and VEGF expression by mrShh in fibroblasts.
We first tested the possibility that Shh might regulate the expression of angiogenic genes in fibroblasts which are an important source of many angiogenic factors (13, 21) . To evaluate whether mrShh activated the Shh signaling pathway in NIH3T3 embryonic fibroblasts, we treated cells with 0-100 nM mrShh for 16 h (Fig. 1) . Gli1 mRNA significantly increased at a 5-nM mrShh treatment (p<0.01), and showed a robust dose-dependent upregulation (p<0.001) (Fig. 1A) . This Gli1 increase indicated that NIH3T3 cells strongly responded to mrShh. Ang-1 mRNA showed a similar pattern as Gli1, although less robust, and was dose-dependently upregulated by mrShh from 5-100 nM (p<0.01 and p<0.001) (Fig. 1B) . To note, Ang-2 mRNA was decreased by mrShh (Fig. 1C) , but there was no significant change in VEGF mRNA level at this dose range (Fig. 1D) .
We next investigated temporal expression in response to mrShh treatment. NIH3T3 cells, grown in media with serum, were switched to defined media plus mrShh (50 nM). Because serum deprivation alone is known to upregulate VEGF and Ang-2 (22-24), each time point after mrShh addition was normalized to its own time control (Fig. 2) . Treatment increased Gli1 mRNA expression compared to the control at all time points beginning 4 h after treatment (p≤0.001) (Fig. 2A) . Ang-1 mRNA levels did not increase above control levels until 16 h and remained elevated at 24 h (p<0.05) (Fig. 2B) . Conversely, Ang-2 mRNA was significantly downregulated by mrShh at 4, 8 and 16 h compared to control time points and returned to baseline at 24 h (p<0.05 at 8 h, 16 h; p=0.1 at 4 h) (Fig. 2C) . At 16 h, mrShh affected both Ang-1 and Ang-2 mRNA levels; Ang-1 increased and Ang-2 decreased in fibroblasts (Fig. 2B and C) . At no time point was VEGF mRNA significantly altered by mrShh compared to control (Fig. 2D) .
Shh is not expressed in NIH3T3 but expressed in neural progenitors and neurons. Because mrShh significantly alters NIH3T3 cell expression of angiogenic factors Ang-1 and Ang-2, we analyzed NIH3T3 cells for Shh expression. Our results demonstrated that NIH3T3 fibroblasts do not synthesize Shh (Fig. 3 ). This result was confirmed by a more sensitive assay, performed with TaqMan probes and realtime PCR, with a detection limit of one mRNA copy of Shh for 10 billion copies of endogenous control 18S rRNA. Furthermore, Shh expression in fibroblasts was not induced after exposure to hypoxia, a strong angiogenic stimulus (12,25) (data not shown), whereas, Shh mRNA was detected in both cultured neural progenitors and neurons under both normal (Fig. 3 ) and hypoxic conditions (data not shown).
Shh does not regulate Ang-1, Ang-2 or VEGF expression in neural progenitors and neurons.
Because neural progenitors and neurons are a source of Shh, we next examined whether Ang-1, Ang-2 and VEGF gene expression was modulated by adding mrShh to these cells. As shown in Fig. 4A , Gli1 expression was strongly increased in neural progenitors, and modestly in neurons, in a dose-dependent manner, demonstrating Shh responsiveness. Unlike NIH3T3 fibroblasts, Ang-1 or Ang-2 was not changed (Fig. 4B and C) . Also, VEGF mRNA levels were not changed by mrShh (Fig. 4D) . Adding 300 nM of mrShh also did not change Ang-1, Ang-2 or VEGF expression, and no further increase in neuronal Gli1 mRNA expression was seen at this dose (data not shown).
Cyclopamine alters the effect of mrShh on Ang-1 and Ang-2 expression in NIH3T3 cells. Cyclopamine, a specific inhibitor of the Shh signaling pathway blocks downstream from the Shh receptor Ptch, and directly inhibits Smo activity (26) . As shown in Fig. 5A , Gli1 stimulation was clearly blocked by cyclopamine. Ang-1 upregulation by mrShh was attenuated at 20 μM only, whereas suppression of Ang-2 by mrShh was completely reversed by cyclopamine at 10 and 20 μM (Fig. 5B  and C) . We calculated the Ang-1 to Ang-2 ratio (Fig. 5D) , because the balance between these two factors may be important in vessel maturation and stability (12) . In vivo, Figure 3 . Shh expression in three types of cells. End-point PCR analysis was performed for mRNA expression of Shh, and the PCR fragments were separated by agarose gel electrophoresis. The same RNA samples were analyzed using primers of 18S rRNA to confirm that the equal amounts of RNA were loaded. PCR products from two independent experiments were used for agarose gel electrophoresis. NPC, neural progenitor cells; NIH, NIH3T3 fibroblasts. this ratio of angiopoietin factors has been demonstrated to fluctuate during angiogenesis or blood vessel regression (27, 28) . The change in the Ang-1/Ang-2 ratio illustrates the effect of mrShh more clearly. mrShh treatment increased the ratio of Ang-1/Ang-2 by ~2.8-fold compared with control. However, cyclopamine significantly decreased this ratio compared with cells treated only with mrShh. These results indicated that Shh inversely regulates the expression of angiopoietins in NIH3T3 cells.
Discussion
Neural and vascular networks share common morphogenetic signals and mechanisms during development (29) . Arteries align themselves with peripheral nerves and follow their branching patterns (30) . Sensory nerves may serve as a template to determine the pattern of arterial differentiation and blood vessel branching by locally secreting VEGF. In addition to their traditional role as axonal guidance cues during development; netrins, semaphorins, ephrins and Slits may also guide blood vessels (29) . In our study, mrShh upregulated the expression of Ang-1, but reduced Ang-2 in fibroblasts (Figs. 1, 2 and 5 ). This coordinated change in expression of Ang-1 and Ang-2 suggests that Shh facilitates smooth muscle cell recruitment and endothelial-smooth muscle cell interaction in new vessels, thereby promoting a mature impermeable neovascularization. The temporal course of expression matches well with other reports of gene regulation by different modulatory factors of angiopoietins, such as TNF·, hypoxia, and VEGF (31-34) .
Notably, we show that Ang-2 downregulation occurs as early as 4 h after treatment and returns to baseline by 24 h. This early response pattern followed by a return to baseline has been reported with Ang-2 upregulation (31) (32) (33) (34) . In contrast, Ang-1 has a delayed upregulation and peaks at 16 h and does not return to baseline, consistent with other reports (31, 35) . This differential temporal expression supports the working hypothesis that Ang-2 is the rapid response element of vascular homeostasis. Thus, rapid and temporary changes in Ang-2 modulate the more constant and constitutive expression of Ang-1 stimulation of the Tie2 receptor, thereby producing blood vessel regression, sprouting or maturation (36, 37) .
Several reports suggest that Shh, a regulator of neurogenesis, also impacts angiogenesis (8) (9) (10) (11) 38) . Shh and VEGF promote arterial endothelial differentiation in zebrafish embryo (38) . Shh treatment restores vasa nervora of peripheral nerves, and improves conduction velocities in a rodent model of diabetic peripheral neuropathy (11) . New capillaries forming from pre-existing blood vessels mature by recruiting perivascular fibroblasts and smooth muscle cells (13) . Ang-1 and Ang-2 were originally discovered as an endothelialspecific growth factor (13, 14) . Ang-1 recruits mural cells into the walls of developing vessels where the cells differentiate into pericytes and smooth muscle cells. Thus, Ang-1 tightens vessels by affecting junctional molecules and by stimulating the interaction between endothelial and mural cells (16, 18) . Thurston et al suggested that combining Ang-1 with VEGF could promote angiogenesis without enhancing permeability (39) . Ang-2 reportedly weakens endothelial-mural cell interactions and degrades the extracellular matrix, thereby antagonizing Ang-1 (40) . When insufficient angiogenic signals are present, Ang-2 leads to endothelial death and vessel regression (12, 14, 19) .
Fibroblasts are an integral component of all tissues; they can differentiate into pericytes or smooth muscle cells and can regulate endothelial cell migration, viability, and capillary-like network formation (41, 42) . Fibroblasts contribute to tissue architecture by producing matrix proteins (13) and are an important source of many growth factors for endothelial cells such as VEGF, fibroblast growth factor, and platelet-derived growth factor (13, 21) . In our study, mrShh did not regulate neural progenitor or neuron mRNA levels of Ang-1 or Ang-2 (Fig. 4) , in contrast to NIH3T3 embryonic fibroblasts (Figs. 1, 2 and 5 ). Our data suggest that fibroblasts, not neural progenitors or neurons, respond to Shh and contribute to Ang-1 and Ang-2 expression. The source of Shh is possibly from neural progenitor cells or neurons, but not fibroblasts. Thus, Shh from neural cells may influence fibroblast expression of Ang-1/Ang-2 via a paracrine mechanism, which in turn would regulate endothelial cells via their specific receptors.
It is unclear how Shh may regulate both Ang-1 and Ang-2. Blocking Shh signaling through Smo via cyclopamine, suggests that Ang-2 regulation may be downstream of Gli1 activation. However, cyclopamine was unable to completely block Ang-1 upregulation at maximal Gli1 inhibition, suggesting an alternative regulating pathway other than Gli1.
The present study demonstrates that Shh regulates gene expression of angiogenic factors, by increasing Ang-1 and decreasing Ang-2. Shh may thus shift the balance of angiogenic factors towards a maturing vascular network. An improved understanding of the angiogenic mechanisms induced by Shh could provide useful therapeutic targets for the treatment of vascular diseases.
